Highly condensed oxepins have been prepared in good yields from their corresponding diols by etherification using p-toluenesulfonic acid. Their intriguing twisted structures were unambiguously determined by X-ray crystallography. Substitution effects of a novel highly aromatic naphthalene annulated oxepin indicate that structural and conjugative effects have an influence on the optoelectronic properties.
Introduction
Organic p-conjugated materials have been a focus of research in both academia and industry for the past few decades. Owing to their unique optical and charge transporting properties they play an important role in the development of organic semiconductors for applications such as organic light-emitting diodes (OLEDs), 1,2 organic eld-effect transistors (OFETs) [3] [4] [5] [6] and organic photovoltaics (OPVs). 7 Constant progress has been achieved in these research areas by modulating the materials properties towards the specic demands of each application. Typically heteroatoms are incorporated into the carbon frameworks to tailor and improve the electronic properties. [8] [9] [10] [11] Other than sulphur-and nitrogen-containing organic semiconductors, which have been studied extensively in the last decades, oxygen-containing compounds have received less attention. Still polycyclic aromatic hydrocarbons comprising furan 12, 13 and pyran 14 cores have been reported and showed good carrier mobilities and strong uorescence, both desirable properties for materials in organic optoelectronic devices.
As part of our investigation of novel compounds for applications in organic electronics we were interested in p-conjugated systems containing twisted oxepin cores as an approach to develop soluble p-electronic materials. 15 We focused on naphthalene-and benzene-fused derivatives as their energy levels were predicted by calculations to be interesting for use as host or emissive materials in OLED applications. The calculated energy levels of naphthalene-fused oxepins were comparable to those of anthracene derivatives, which have extensively been used as materials in uorescent blue OLEDs because of their excellent optical and electronic properties. 16 However, only few polyaromatic compounds carrying oxepin core structures have been described in the literature and general protocols for their synthesis are not available. [17] [18] [19] [20] For the synthesis of the target oxepin derivative an acid mediated cyclization, which was previously used for the formation of furan-containing systems, was considered. 21 Applying this strategy, the seven-membered cyclic ethers were obtained in high yields and their structures conrmed by X-ray diffraction studies. Electrochemical and optoelectronic studies as well as quantum chemical calculations of dinaphthoxepin and some derivatives conrmed their interesting physical properties.
Results and discussion

Synthesis
Scheme 1 summarizes the synthesis of oxepin 3. Compound 2 was synthesized from 1-methoxynaphthalene (1) according to a literature known procedure. 22 Lithiation using tert-BuLi was followed by an oxidative carbon-carbon bond formation with Fe(acac) 3 . Deprotection of the methoxy groups with BBr 3 gave diol 2 in 54% yield. The acid mediated cyclization using p-toluenesulfonic acid (p-TsOH) in reuxing toluene 21 converted diol 2 into oxepin 3 in 87% yield.
The bromination of 3 using NBS in DMF at 40 C was used to further functionalize the compound. The dibromo-compound 4 was formed exclusively in 87% yield (Scheme 2). Palladiumcatalyzed coupling of dibromide 4 with phenyl-and Scheme 1 Synthesis of compound 3.
m-terphenyl-boronic acid, respectively, gave 5a and 5b in moderate yields. ‡ Further bromination of 5a was achieved using NBS at higher temperatures, but was less selective and product 6 could only be obtained in 44% yield. Tetra-phenyl substituted oxepin 7 was obtained in moderate yield via palladium-catalyzed coupling reaction. All synthesized derivatives are highly soluble in common organic solvents and have a good thermally stability as shown by differential scanning calorimetry (DSC) for 5a and 5b (DSC curves are shown in Fig. S1 and S2 in the ESI †).
X-ray structure analyses
Crystals of dinaphthoxepins 3 and 7 suitable for X-ray crystallographic analysis were obtained by slow evaporation from CH 2 Cl 2 and heptane at room temperature. The central distorted seven-membered ring shows an envelope-like conformation with the oxygen-atom lying out-ofplane (Fig. 1) . The rigid C11-O1-C12 bond angle (118. 26 ) forces the naphthalene rings to adapt a bent geometry with an angle of 33.8 . Owing to the repulsion of the H-atoms attached to C18 and C19 the molecule exhibits a dihedral angle of 12.6 between the two naphthalene planes (C3-C4-C5-C6). Sandwich-herringbone packing was observed with pairs of stacked molecules, probably driven by p-p intermolecular interactions (3.67Å) between two adjacent naphthalene planes. The structure of 7 ( Fig. 2) is strongly affected by the two phenyl substituents in ortho-positions to the ether bridge. Their alignment with an average distance of 3.84Å pushes the naphthalene moieties apart and connes the oxepin ring in a twisted conformation. The dihedral angle between the naphthalene units increases to 44.6 (C11-C13-C17C18), just as the C10-O1-C23 bond angle (131.9 ). The naphthalene units of adjacent molecules in the crystal are displaced and the distance between them is 4.48Å on average.
Electrochemical measurements and quantum mechanical calculations
The redox potentials of the naphthalene-annulated oxepins were measured by cyclic voltammetry (CV). As depicted in Fig. 3 , compounds 3, 5a, 5b and 7 exhibit reversible rst reduction potentials. No reversible oxidation is detected for compound 3, while 5a and 5b show a reversible oxidation. The oxidation of 7 occurs at a lower potentials and a second reversible oxidation is observed, indicating the formation of a dication. The HOMO and LUMO energy levels were calculated from the measured CV-potentials, by comparison with ferrocene (4.8 eV), used as the internal standard. Due to the irreversible oxidation of 3, the HOMO energy value was obtained by using the LUMO energy and the optical bandgap taken from the absorption spectrum (absorption edge). HOMO and LUMO distributions in the molecules as well as geometrical structures of 5a and 5b were determined by quantum mechanical calculations, performed at the TD-DFT/B3-LYP/6-31G Fig. 4 .
The molecular orbitals in 3 (dihedral angle: 12.6 ) delocalize symmetrically over the whole molecule with periodical changes in the sign of the wave function. Its HOMO and LUMO energylevels were determined to À5.48 and À2.39 eV respectively. Based on the computationally optimized geometry for 5a and 5b, the introduction of substituents on the naphthalene in paraposition has a strong inuence on the dihedral angle in the molecule, which increases to 32.8 . A result of this is a slightly asymmetric distribution of the HOMO and a reduced density of the LUMO along the ether bond. The energies of the HOMOs are identical, but comparably lower than the calculated value for 3. In compound 7 the p-conjugated system is extended by two additional phenyl groups, which leads to an increased dihedral angle of 44. 6 . The twisted conformation perturbs the delocalization leading to a multiple periodic change in the sign of the wave function. HOMO and LUMO energies are both higher as in the other derivatives, which could be attributed to the substituents in ortho-positions to the ether bond. Two factors inuence the electronic properties of dinaphthoxepins: The dihedral angle affects the HOMO and LUMO distribution and energyvalues among the two naphthalene moieties, while the extension of the p-conjugated system depends on the phenyl substituents. The HOMO energy-levels for 3, 5a, 5b and 7 are in the range of À5.5 to À5.7 eV and lower than typical p-type organic semiconductors, but slightly higher than reported for other oxygen-containing bisnaphthalene structures.
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Optical properties
Compounds 3, 5a, 5b and 7 show strong uorescence under UVlight. Their optical properties were characterized by both UV-Vis and uorescence spectroscopy in solution and solid state; their uorescence quantum yield was determined in solution. Electronic absorption spectra of oxepin derivatives were measured in toluene (Fig. 5) . The absorption spectra show broad unstructured lowest-energy bands ranging from 300 to 400 nm with maximum absorption at wavelengths of 360 (3), 366 (5a) Fig. 3 Cyclic voltammogram of dinaphthoxepins 3, 5a, 5b and 7 in (a) THF-(reduction) and (b) CH 2 Cl 2 -solution (oxidation) at room temperature. Measured at a scan rate of 500 mV s À1 with a gold working electrode. and 373 nm (5b) thus demonstrating the extension of the pconjugation. For 7 a much lower absorption of 349 nm is observed. This is consistent with the observation from the crystal structure analysis, which revealed a strong deformation of the naphthalene system in 7 resulting in a lower electron delocalization around the aromatic core and consequently leading to absorption at lower wavelengths. The UV-Vis data of thin lms were comparable with the solution absorption spectra (Table 1) , except for the featureless broadened absorption spectrum of 3, as seen in Fig. S4 in the ESI. † The remarkable red shi of the longest wavelength absorption bands compared with that in solution may, in accord with the crystal structure, be due to transannular p-electronic interaction between chromophores in the solid state.
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The emission spectra of compounds 3, 5a, 5b and 7 (Fig. 5) in toluene solution consist of broad unstructured emission bands. Substitution of the p-conjugated system in para-position to the ether bridge shis the emission wavelength bathochromically. The relatively at dinaphthoxepin 3 emits at 427 nm, whereas the emission of more twisted compounds 5a and 5b shi to around 456 nm resulting in a large Stokes shi ranging from 67 nm in 3 to 89 nm in 5a (Table 1 ). Compound 7 emits at 465 nm and has a Stokes shi of 116 nm. The large Stokes shis indicate the ground states (S 0 ) to be inherently different in geometry from the excited states (S 1 ), which is probably caused by the high exibility of the dinaphthoxepin core, leading to a relaxation of the molecular framework upon photoexcitation and reduction of the emission energy. 24, 25 The emission properties of thin lms of oxepins were determined by photoluminescence spectroscopy (Table 1) . Emission peaks shi bathochromically in the solid state for 3, 5a and 5b, which may be due to p-p stacking and formation of excimers or solid-state solvation effects. 26 In contrast to that, the crystal structure of compound 7 suggests the presence of rather isolated and only weakly coupled chromophores with large p-stacking distances. In the emission spectra, this is reected by the minimum red shis of the emission peak for compound 7 between solid state and solution.
The uorescence quantum yields of 3, 5a, 5b and 7, recorded in toluene solution are given in Table 1 . The F F values rise from 0.38 in 3 to around 0.47 in 5a and 5b, which can be attributed to the enlarged p-conjugated system. The quantum yield of compound 7 is smaller with 0.24. Thus the S 1 -state of 7 is more susceptible to deactivation by radiationless decay. This is probably because the spin-orbit coupling is enhanced by the degree of nonplanarity of 7, which allows intersystem crossing to the non-emissive triplet state.
27-29
Synthesis of tribenz[b,d,f]oxepin (9) To provide further application of the acid mediated cyclization route for the synthesis of sterically congest oxygen heterocycles, the synthesis of the phenylene annulated oxepin 9 was targeted. Using the acid mediated cyclization conditions of the cyclization of 1,1'-bi-8-naphtol (2), diol 8 was converted into tribenz-[b,d,f]oxepin 9 (Scheme 3). Diol 8 was synthesized in 80% over two steps according to a literature procedure.
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The reaction conditions used for the formation of dinaphthoxepin 3 had to be optimized to yield the desired product (Table 2 ). Removal of water from the reaction mixture or using a higher boiling solvent were not suitable. Using neat reaction conditions and higher temperatures gave the desired product 9 in 56% yield (entry 4). The synthesis of compound 9 has been reported previously. 17, 18 Colourless crystals of 9 suitable for X-ray analysis were obtained from heptane. Two crystallographically independent molecules are found in the unit cell (Fig. 6) . In the present oxepin, the central seven-membered ring adapts a boat-like conformation with the phenylene groups arranged in an alternating up/down fashion. The whole molecule is in good approximation symmetric with a mirror plane passing through the oxygen atom.
Conclusions
Several aromatic oxepins were synthesized in moderate to good yields from diols by a dehydration reaction. Subsequent bromination and Suzuki coupling lead to functionalized compounds. X-ray crystallographic analysis conrmed their highly distorted conformations, induced by the sevenmembered ring. The HOMO and LUMO energy levels were determined by electrochemical analysis and quantum chemical calculations. The physical properties of dinaphthoxepins make them an interesting class of compounds for application in optical and electronic materials.
